Probes consisting of T-DNA genes from the Ti plasmid of Agrobacterium tumefaciens were used for determining tumorigenicity of strains. Two 32P-labeled probes hybridized with 28 of 28 tumorigenic strains of the pathogen but not with 20 of 22 nontumorigenic strains. One probe, pTHE17, consists of all but the far left portion of the T-DNA of strain C58. Probe SmaI7 consists of SmaI fragment 7 of pTiC58, including onc genes 1, 4, and 6a and most of 2. Another probe, pAL4044, consisting of the vir region of strain Ach-5, hybridized with several nontumorigenic as well as tumorigenic strains. Colony hybridizations were done with 28 tumorigenic and 22 nontumorigenic Agrobacterium strains. About 106 CFU of the different tumorigenic strains were detectable with this method. Southern analyses confirmed the presence or absence of Ti plasmids in strains for which tumorigenicity was questioned. Colony hybridization with the T-DNA probes provides a rapid and sensitive means for determining the tumorigenic nature of Agrobacterium strains.
The crown gall pathogen, Agrobacterium tumefaciens, causes tumors on a large number of dicotyledonous plants (7) . Tumorigenic strains harbor a large Ti or tumor-inducing plasmid, which contains several genes important for tumorigenicity (25) . Upon infection of the plant, a portion of the plasmid, the T-DNA, is transferred to and is stably incorporated into the nuclear DNAs of host cells (5, 26) . T-DNA is actively transcribed in plant cells, resulting in the production of phytohormones that cause neoplastic growth (1, 24) and in the synthesis of novel metabolites called opines (8) . The vir region of the Ti plasmid is involved in the process of T-DNA transfer from the bacterium to the plant (23, 28) . Because Ti plasmids have been mapped and T-DNA and vir region genes have been cloned, it is possible to obtain and use DNA probes containing genes of known functions for studying Agrobacterium field strains.
When Agrobacterium strains are isolated from soil and plant tissue, a predominance of nontumorigenic strains is often detected (3) . Tumorigenicity of strains is usually determined by inoculating host plants in the greenhouse. However, strains often vary greatly with regard to host range and may infect only the host from which they were originally isolated (2, 18) . Also, the time required for tumor development on different host plants in the greenhouse may depend on the strain of pathogen and on environmental conditions and may be as long as 8 weeks. Therefore, tumorigenic strains may be classified as nontumorigenic unless the proper host and incubation conditions are used. When the ecology of Agrobacterium spp. in nature is studied, it is important to be able to determine the tumorigenic nature of many strains in an effective and timely manner. Such a system would also be very useful in plant quarantine and certification programs for identifying tumorigenicity of strains that are isolated from plant material.
The purpose of this research was to test three probes consisting of different regions of Ti plasmid DNA for their ability to hybridize with DNA from tumorigenic and nontu-MATERIALS AND METHODS DNA probes. DNA probes were isolated from A. tumefaciens LBA4404 (11) and Escherichia coli DH1(pTHE17) (obtained from G. Thomas Hayman and Stephen K. Farrand). LBA4404 was derived from octopine strain Ach5 and contains a severely deleted Ti plasmid, pAL4404, which lacks the entire T-DNA region but contains an intact vir region (11) . DNA probe pAL4404 consists of plasmid DNA from strain LBA4404 isolated by the procedure of Currier and Nester (6) . Plasmid pTHE17 contains EcoRI fragments 16, 32, 28, 14, 4 omega, and 1 of the nopaline Ti plasmid pTiC58 (fragment numbering as in reference 9) cloned into the cosmid pLAFR1 (G. Thomas Hayman, personal communication). This insert contains all of the T-DNA except for the far left portion. DNA probe pTHE17 was isolated by the alkaline lysis method of Maniatis et al. (17) . Both DNA probes were digested with EcoRI before being radiolabeled. SmaI fragment 7 of pTiC58 (SmaI7) was isolated by digesting pTHE17 with SmaI, separating the fragments by electrophoresis in a horizontal low-melting-temperature 1.0% agarose gel in Tris acetate buffer (40 mM Tris acetate-1 mM EDTA, pH 8.2) at 5 V/cm and excising the appropriate band. pTHE17 contains the pTiC58 SmaI fragments llb, 24, 7, 5, and 26 and a portion each of la and lla (fragment numbering as in reference 9). SmaI7 is approximately 6.5 kilobases and contains the onc genes 1, 4, and 6a and most of 2 (12) . Genes 1 and 2 are involved in auxin synthesis, and gene 4 is involved with cytokinin synthesis (12, 13) .
Bacterial strains. Fifty Agrobacterium strains, both tumorigenic and nontumorigenic, representing biovars 1, 2, and 3 were obtained from the collection of one of us (T. J. Burr) and from others. Strains originated in eight U.S. states and seven foreign countries. Strains were originally isolated from grape plants (galls, sap, roots, and callus), vineyard soil, and galls of several other hosts (Table 1) . Detailed information concerning the specific strains may be obtained from us. Bacterial strains were grown from a single colony, spotted on 523 medium (14) , and stored in the refrigerator. Strains (17) and incubated for 48 h at 28°C. Colonies were lysed and filters were hybridized by procedures recommended by the manufacturer, except that hybridization buffer consisted of 1 M NaCl and 1% sodium dodecyl sulfate. Hybridizations and stringency washes were done at 65°C. Colony hybridizations were repeated once for all strains with all three probes.
All DNA probes were radiolabeled with 32P by the randomized oligonucleotide labeling method of Feinberg and Vogelstein (10) . Unincorporated nucleotides were removed by a spun column (17) , and specific activity was quantified with a scintillation counter. Specific activity of probes in hybridization buffer ranged from 105 to 106 dpm/ml of buffer.
Strains CG231, CG401, and CG920 were recorded as tumorigenic when they were initially entered into our culture collection; however, they failed to hybridize with pTHE17 or SmaI7 by colony hybridization. To determine whether they contained Ti plasmids, plasmid DNA was isolated as described by Slota and Farrand (22) . Undigested plasmids were electrophoresed in 0.7% agarose in TBE (17) as described above. DNA was Southern transferred to GeneScreen Plus-Hybridization Transfer Membrane (Dupont, NEN Research Products) by alkaline transfer (20) and were hybridized as described above with both pTHE17 and SmaI7. Southern analysis was also done with other strains that gave questionable or weak responses with colony hybridization. These included CG56, CG480, CG485, IPV-B02028, A4, AA25, 1059, HLB-2, K-84, and CG102 (positive control).
Pathogenicity tests. Strains that were Southern analyzed were also tested for pathogenicity. Two strains, R3 and R10, were used as positive controls. All strains were inoculated as previously described (4) on four hosts: tomato (Lycopersicon esculentum Mill.), tobacco (Nicotiana glauca L.), sunflower (Helianthus annuus L.), and grape seedlings (Vitis sp. L. cv. Concord). Plants were rated for tumor formation at 3 weeks and again at 8 weeks after inoculation.
Probe sensitivity. The sensitivity of the SmaI7 probe was determined by using a dot blot procedure. Six Agrobacterium strains were used, i.e., two tumorigenic strains each of biovars 1, 2, and 3. To determine whether the probe would hybridize with other plant-associated bacteria, five strains were tested with the dot blot apparatus. These were strains of Erwinia herbicola, Rhizobium leguminosarum, Pseudomonas syringae pv. syringae, Pseudomonas fluorescens, and Pseudomonas putida.
The strains listed above were grown on agar plates of medium 523 for 3 days, suspended in sterile distilled water, and adjusted with a spectrophotometer to an optical density of 0.1 at 600 nm (approximately 108 CFU/ml). Serial 10-fold dilutions were made with sterile distilled water to give suspensions containing from 108 to 104 CFU/ml. GeneScreen Plus hybridization membrane was soaked in 0.4 M Tris hydrochloride, pH 7.5, for 30 min and fixed in a Bio-Dot apparatus (Bio-Rad Laboratories, Richmond, Calif.). A 100-,u sample of each bacterial dilution was added to the wells, giving a range of 107 to 103 CFU deposited on the membrane.
Additionally, 500 RI of the 108-CFU/ml suspension was applied, resulting in about 5 x 107 CFU being applied to the membrane. All non-Agrobacterium strains were tested at a concentration of about 107 CFU/100 p1l. Suspensions remained in the wells for 30 min and then were removed by vacuum filtration through the membrane. Wells were filled twice with 0.5 N NaOH, which was subsequently filtered through the membrane. The membrane was then removed from the dot blot apparatus and air dried before a final wash in 0.1x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Hybridizations were done as described above.
RESULTS AND DISCUSSION
pTHE17 hybridized with 28 of 28 tumorigenic strains regardless of biovar. With three strains (CG56, CG1000, and Agrobacterium rhizogenes A4), hybridization was detectable in only one of two replications. Similarly, SmaI7 hybridized with all of the tumorigenic strains, and only with strain A4 was hybridization nondetectable in one of two replications. Neither of the probes hybridized with 20 of 22 nontumorigenic strains. Some hybridization was detectable with strains K-84 and HLB-2 ( Fig. 1) . K-84, biovar 2, and HLB-2, biovar 1, both are nontumorigenic, contain plasmids VOL. 56, 1990 on Hybridizations were conducted as described in the text. (Fig. 2) , and produce either agrocin-84 or another bacteriocin that inhibits growth of some Agrobacterium strains (15, 27) . Southern analysis of these strains confirmed that the probes hybridized with one plasmid of approximately the same size from each strain ( Fig. 2B and C) . The signal was usually weaker for K-84 and HLB-2 with probe SmaI7 than with pTHE17 (Fig. 2C ). In the case of K-84, hybridization was observed with the middle-sized (ca. 200-kb) nopaline catabolic plasmid (22) . This suggests that although K-84 is nontumorigenic, its nopaline catabolic plasmid may contain genes for phytohormone production. Greenhouse inoculations with strains K-84 and HLB-2 used in this study reconfirmed that they are nontumorigenic.
In contrast, pAL4404 hybridized with almost all of the Agrobacterium strains, including 21 of 22 nontumorigenic strains. It occasionally failed to hybridize with tumorigenic strains. Considering the large size of the plasmid, it is not surprising that a good correlation between hybridization and tumorigenicity was not obtained. Therefore, pAL4404 is not useful for distinguishing between tumorigenic and nontumorigenic strains.
No Ti plasmids were detected by Southern analysis in a 1 2 3 4 5 6 7 8 9 10 11 12 13 14 strains CG231, CG401, and CG920, which were originally characterized as tumorigenic (Fig. 2B and C) Hybridization with SmaI7 with all six Agrobacterium strains was detectable when 5 x 107 CFU were spotted on membranes and hybridization with five of six was detected at 1 x 106 CFU. Hybridization with one of six strains was detectable at 105 CFU. None of the strains had a detectable reaction at 104 to 103 CFU. A fairly high population of cells is necessary for detection, and therefore, attempts to detect the pathogen directly from soil or from symptomless plant material will probably not be successful. It may be possible to detect the pathogen directly in tumors; however, this will probably depend on tumor age and tissue sampling procedures. Therefore, the probes will probably be most useful for determining the tumorigenic nature of individual bacterial strains from culture plates. It is also possible that specific T-DNA gene amplification by the polymerase chain reaction (21) will provide a useful method for detection of low numbers of tumorigenic cells.
The use of DNA probes has become an important method for rapid identification of several microorganisms (16) . This method makes it possible to detect the presence of specific genes. Several genes that are involved with the tumorigenicity of A. tumefaciens have been identified and can be used to probe specific genes or regions of the Ti plasmids of different strains. Although Ti SmaI7 and pTHE17 should be useful for determining the tumorigenic nature of Agrobacterium strains isolated from soil and plant material. The technique is relatively quick and specific and offers a useful alternative to multiple pathogenicity tests on greenhouse-grown indicator hosts.
